Background-Framingham-based and Reynolds Risk scores for cardiovascular disease (CVD) prediction have not been directly compared in an independent validation cohort. Methods and Results-We selected a case-cohort sample of the multiethnic Women's Health Initiative Observational Cohort, comprising 1722 cases of major CVD (752 myocardial infarctions, 754 ischemic strokes, and 216 other CVD deaths) and a random subcohort of 1994 women without prior CVD. We estimated risk using the Adult Treatment Panel III (ATP-III) score, the Reynolds Risk Score, and the Framingham CVD model, reweighting to reflect cohort frequencies. Predicted 10-year risk varied widely between models, with Ն10% risk in 6%, 10%, and 41% of women with the ATP-III, Reynolds, and Framingham CVD models, respectively. Calibration was adequate for the Reynolds model, but the ATP-III and Framingham CVD models overestimated risk for coronary heart disease and major CVD, respectively. After recalibration, the Reynolds model demonstrated improved discrimination over the ATP-III model through a higher c statistic (0.765 versus 0.757; Pϭ0.03), positive net reclassification improvement (NRI; 4.9%; Pϭ0.02), and positive integrated discrimination improvement (4.1%; PϽ0.0001) overall, excluding diabetics (NRIϭ4.2%; Pϭ0.01), and in white (NRIϭ4.3%; Pϭ0.04) and black (NRIϭ11.4%; Pϭ0.13) women. The Reynolds (NRIϭ12.9%; PϽ0.0001) and ATP-III (NRIϭ5.9%; Pϭ0.0001) models demonstrated better discrimination than the Framingham CVD model.
cohort that was not used in the derivation of either score. In addition, a Framingham prediction model has recently been developed for total CVD, 6 but it has not yet been validated in an external population.
All of these risk models for CVD have been developed primarily among white men and women, with little validation in multiethnic populations. 1, 2, 6 A Framingham risk model for hard CHD events was validated in subcohorts of black and Native American women, but they included very small numbers of events. 7 Other studies did not have the same success in validating a Framingham model in various populations. 8, 9 How well these models fit in diverse populations remains to be determined.
To address these issues, we directly examined the clinical performance of the Framingham and Reynolds scores in a case-cohort analysis conducted within the Women's Health Initiative Observational Study (WHI-OS), a multiethnic, prospective cohort of Ͼ90 000 initially healthy postmenopausal American women. Specifically, we directly compared model fit in this independent validation cohort of women for 3 prediction algorithms: the Framingham score currently used in the ATP-III guidelines, 1 the Reynolds Risk Score, 2 and the Framingham score for total CVD. 6 Because all 3 scores were derived in predominantly white populations, the WHI-OS provided the opportunity to address their performance in a multiethnic population and separately in black and white subgroups.
Methods
Women were participants in the WHI-OS 10 and its long-term follow-up, the WHI Extension Study. The WHI-OS includes 93 676 ethnically diverse postmenopausal women 50 to 79 years of age who were recruited between 1994 and 1998 at 40 clinical centers; minority groups were targeted to obtain a cross section of the US population. 11 Of these, 71 872 had no prior history of myocardial infarction (MI), stroke, revascularization procedures, pulmonary embolism, deep vein thrombosis, peripheral vascular disease, or cancer, and 60 890 also had baseline blood specimens and baseline risk factor information.
The WHI Clinical Coordinating Center collected baseline information on sociodemographic characteristics, lifestyle factors, health behaviors, and medical history, including blood pressure measurements. Diabetes mellitus 12 and family history, defined here as MI before 55 years of age in men and 65 years of age in women, were self-reported. Participants brought current medications to clinic visits to assess medication use.
Self-reported outcome data through September 2008 were confirmed through medical record review by centrally trained physicians. 13 MI and coronary death were combined for the CHD outcome. Medical records, ECG readings, and cardiac enzyme and troponin determinations were used for confirmation. Strokes were defined as rapid onset of a persistent neurological deficit attributed to an obstruction or rupture of the brain arterial system that lasted Ͼ24 hours without evidence of other causes. Strokes were classified as ischemic or hemorrhagic through review of brain imaging study reports. Underlying cause of death was classified from death certificates, medical records, and other records such as autopsy reports. The primary end point for this analysis is a combined end point of major CVD, including CHD, ischemic stroke, and death resulting from cardiovascular causes. This project has been approved by the Institutional Review Board at the Brigham and Women's Hospital, Boston, MA.
Sample Selection
Because of the large size of the WHI, to reduce the costs of biochemical assays, a prospective case-cohort design 14 was used in this WHI substudy. To maximize efficiency for examining nonwhites, selected cases included all eligible CVD cases from black (nϭ200), Hispanic (nϭ53), and Asian (nϭ55) women and women with other/unknown ethnicity (nϭ55). For efficiency, the remaining 1637 of 2000 cases were randomly selected from 2370 cases among white women.
A subcohort of Ϸ2000 women was selected using the same eligibility criteria and stratified to match cases by race/ethnicity and 5-year age groups. Further exclusion from this analysis of those with other prior CVD conditions, including transient ischemic attack, CVD surgery, or congestive heart failure, led to a final sample size of 1722 cases and a subcohort of 1994, of whom 121 were also cases. Among those in the subcohort who did not develop CVD, the median follow-up time was 9.9 years (25th and 75th percentiles, 8.6, 11.8 years) .
For women in the selected samples, blood specimens collected and stored at study entry were assayed centrally for total cholesterol, high-density lipoprotein cholesterol, high-sensitivity C-reactive protein, and hemoglobin A 1c (among diabetics) with standardized procedures. The core laboratory is certified by the National Heart, Lung, and Blood Institute/Centers for Disease Control and Prevention Lipid Standardization Program.
Statistical Methods
Data were analyzed throughout as a case-cohort study 14, 15 using appropriate weighting of the observations. 16 Because the numbers in the full sample were known, our stratified sampling enabled us to mimic or recapture the characteristics of the full WHI cohort using reweighting by the sampling frequency. Overall population characteristics were estimated with inverse probability weights in Proc Survey means in SAS 9.2. 17 To first verify the associations of risk factors within the WHI sample, weighted Cox regression 18 was used to estimate hazard ratios using Proc Phreg of SAS, and asymptotic variance estimates were computed with the method of Langholz and Jiao. 19 Continuous risk factors were treated in a continuous fashion and in clinical risk categories.
Predicted values for CHD and CVD were obtained with published equations from the Framingham risk scores for CHD 1 and CVD 6 and from the Reynolds models for CVD. 2 Framingham risk factors include age, blood pressure, antihypertensive treatment, smoking, diabetes mellitus, and total and high-density lipoprotein cholesterol. The ATP-III model is intended for those without diabetes mellitus, which is considered a risk equivalent. The Reynolds Risk Score additionally includes high-sensitivity C-reactive protein, family history of premature MI (before 60 years of age), and hemoglobin A1c among diabetics only. The fit of the models in the WHI data was examined by use of appropriate weighting. The c statistic for survival data 20, 21 was computed, and differences between models were assessed with bootstrapping. Calibration plots were used to compare observed and predicted risk within deciles employing inverse sampling weights. In addition, for completeness, we considered the alternative Framingham simple model that uses body mass index instead of lipids (available at http://www.framinghamheartstudy.org/risk/gencardio.html#).
Because different end-point definitions were used to develop each of the 3 models, recalibration was necessary to compare models using reclassification methods. The Framingham ATP-III score predicts "hard" CHD defined as MI and coronary death, 1 whereas the Reynolds Risk Score predicts a composite CVD outcome defined as incident MI, ischemic stroke, coronary revascularization, and cardiovascular death. 2 The Framingham CVD score predicts "total" CVD defined as all coronary events (MI, coronary death, coronary insufficiency, and angina), cerebrovascular events (including ischemic stroke, hemorrhagic stroke, and transient ischemic attack), peripheral artery disease (intermittent claudication), and heart failure. 6 As described above, the major CVD end point used in these WHI data comprised hard CHD, ischemic stroke, and CVD death and did not match any of these precisely. To correct for differences in end-point definition, after the initial evaluation of fit, models were recalibrated to the WHI cohort by use of logistic regression calibration for 10-year risk. 22, 23 This process does not change the coefficients for risk factors but changes only the intercept to alter the mean predicted risk. The average predicted risk for each model then approximately equaled the overall incidence of major CVD at 10 years in the WHI cohort of eligible women.
We used plots to examine the calibration of the original and recalibrated models. They plot the average predicted risk within deciles against the observed risk in that decile, adding a reference line for perfect calibration. To directly compare recalibrated models, we examined the integrated discrimination improvement 24 and reclassification statistics, 25 including reclassification calibration 2 values 26 and net reclassification improvement (NRI). 24 For the reclassification tables, clinically based cut points of 5%, 10%, and 20% were used. 27 Survival methods were used throughout, 28, 29 and measures were reweighted to reflect the distribution in the overall cohort. Statistical tests of reweighted measures were derived with bootstrap samples. Models were also examined among women without diabetes mellitus, eliminating those on statins or other cholesterol-lowering medications (7%), and separately among white and black women.
Results
Of 1722 incident cardiovascular cases, 752 were MIs, 754 were ischemic strokes, and 216 were CVD deaths. Baseline characteristics for cases and the subcohort are shown in Table  1 both in the selected subsample and reweighted to the population distribution. In the subcohort sample, the average age was 69 years with 5% current smokers and 5% diabetics. Reweighted population estimates were 62 years of age, 6% current smokers, and 4% diabetics. Cases included more smokers and diabetics and generally higher risk factor levels. Reweighted distributions in the subcohort are shown by race/ethnicity in Table I in the online-only Data Supplement. Blacks were slightly younger than whites but had higher proportions of smokers and diabetics.
Risk Factor Associations
Multivariable Cox regression models confirmed the association of risk factors with CVD, both overall and among whites and blacks (Table 2 ). Each risk factor had significant associations in the overall sample except for total cholesterol, which was the same after the exclusion of women on cholesterollowering medications. When examined separately with CHD used as the end point, total cholesterol was a significant predictor (hazard ratio for total cholesterol Ն240 mg/ dLϭ1.30; 95% confidence interval [CI]ϭ1.01-1.66). Estimated effects of each risk factor were generally consistent for whites and blacks, although results were more variable among blacks owing to smaller numbers. The effect of measured blood pressure was weaker but antihypertensive medication was stronger among blacks, and the effect of total cholesterol was stronger among black women. Age, diabetes mellitus, smoking, high-density lipoprotein cholesterol, highsensitivity C-reactive protein, and family history all had significant independent effects on major CVD. Regressions using continuous versions of the risk factors showed similar results ( Table II in actions between age and total cholesterol and between smoking and age included in the ATP-III model were not significant in these data and are not included in these models.
Predicted Risk and Model Fit
Predicted 10-year risk was estimated with published equations for each model. The risk estimates varied widely between models, as shown in the distributions in Figure 1A . Average risk was 3.8%, 4.6%, and 10.9% for the ATP-III, Reynolds, and Framingham CVD models. Estimated risk was Ն10% in 5.5%, 10.3%, and 41.1% of women, respectively ( Figure 1B) , and risk was Ն20% in 0.5%, 2.6%, and 10.6% of women in the 3 models.
To assess calibration, predicted risk for the ATP-III score was compared with observed 10-year rates of CHD among only nondiabetics to match its intended use (Figure 2A ). As shown, the ATP-III model overestimated risk of CHD, with predicted values higher than those observed. In contrast, the CHD score was actually better calibrated to the risk of major CVD among all women ( Figure 2B ). The Reynolds Risk Score appeared relatively well calibrated for the end point of major CVD ( Figure 2C) . The Framingham CVD model, developed for a broader definition of CVD, greatly overestimated risk of major CVD, as anticipated ( Figure 2D ). Similar patterns of overestimation of risk were seen for the ATP-III model for CHD and the Framingham model for CVD among blacks ( Figure 3 ) and whites ( Figure I in the online-only Data Supplement) separately with predicted risk higher than observed risk in each group.
To directly compare the discrimination of the 3 models for the end point of major CVD, the models were recalibrated so that the average predicted risk equaled the overall reweighted population estimate of 4%. The percent of women with estimated risk of Ն10% was then 6.6%, 7.7%, and 6.2% for the ATP-III, Reynolds, and Framingham CVD model. After recalibration of the mean, all 3 models showed reasonable calibration to the major CVD end point ( Figure II in the online-only Data Supplement). The c statistics for major CVD (unaffected by recalibration) were 0.757 for the ATP-III model, 0.765 for the Reynolds model, and 0.750 for the Framingham CVD model. Differences in the c statistics, although small, were all statistically significant (Table 3) . When the simple non-laboratory-based Framingham CVD model was considered, the calibration was very similar to that of the laboratory-based model. However, the discrimination was worse, with a c statistic of 0.747, which was significantly lower than that for the Reynolds model (Pϭ0.0004) but more similar to the laboratory-based Framingham CVD model (Pϭ0.57) and the ATP-III model (Pϭ0.055).
Risk Reclassification
Fit of the recalibrated models was directly compared by use of reclassification measures (Table 3 ). Reclassification tables comparing the Reynolds and both Framingham models using both the crude and recalibrated predicted values are shown in Tables IIIA through IIID in the online-only Data Supplement. These tables show the numbers of women in the total WHI cohort who would be reclassified into the various risk groups. For example, with the use of the original scores in Table IIIA in the online-only Data Supplement, 664 (23%) of the 2943 women at ATP-III risk of 10% to Ͻ20% would be reclassified as Ն20% risk and 544 (18%) as Ͻ10% risk. In addition, of the 10 620 women originally at 5% to Ͻ10% risk, 576 (5%) would be reclassified as Ͼ20% and 3028 (29%) as Ͼ10%. Compared with the recalibrated ATP-III model, the Reynolds model showed improvement in discrimination based on the NRI (4.9%; 95% CIϭ1.2-8.7; Pϭ0.010), with an improvement of 4.0% (Pϭ0.02) in cases and 1.0% (Pϭ0.30) in noncases. Improvement was also seen with the integrated discrimination improvement (4.1%; 95% CIϭ2.7-5.7; PϽ0.0001; relative integrated discrimination improve-mentϭ117.3%), the continuous NRI (32.1%; 95% CIϭ24.2-39.5; PϽ0.0001), and reclassification calibration 2 values (273.5 versus 185.7), indicating that calibration improved with the Reynolds model. In a comparison of the Framingham CVD model and the ATP-III model, the former provided a worse fit even though it was developed for the end point of CVD rather than CHD. The NRI and integrated discrimination improvement were negative, the calibration was worse, and the c statistic was lower ( simple non-laboratory-based Framingham model was very similar with an NRI of 11.9% (PϽ0.0001).
Model fit statistics for recalibrated models were similar among whites only (Table 3) . Although not always significant because of smaller numbers, the direction of effects was the same and often stronger among black women, with the Reynolds model showing improved fit over the ATP-III score and both providing better fit than the Framingham CVD score.
Because the ATP-III model was intended for those without diabetes mellitus, we also recalibrated the models separately including only women without diabetes mellitus at baseline (Table 3) . Although the c statistics and reclassification calibration 2 values were similar for the ATP-III and Reynolds models, the NRI showed a significant improvement favoring the Reynolds model (4.2%; 95% CIϭ1.1-7.5; Pϭ0.01), as did the continuous NRI and the integrated discrimination improvement (both PϽ0.0001). Finally, results were very similar after the exclusion of women on cholesterol-lowering medications ( Table IV in 
Discussion
This validation study prospectively examined the fit of 3 cardiovascular risk prediction models in a large-scale external cohort, the WHI-OS, a national, geographically representative, racially and ethnically diverse sample of US women. Models included the Framingham-based ATP-III model, 1 the Reynolds Risk Score, 2 and the Framingham CVD model. 6 The published ATP-III model was poorly calibrated for CHD, and the Reynolds Risk Score was better calibrated for major CVD than the Framingham CVD model. Moreover, after recalibration, the Reynolds Risk Score continued to show statistically significant but modest improvement in fit compared with either of the Framingham-based models.
We know of no prior work directly comparing the Framingham and Reynolds scores in an independent prospective cohort. However, the findings here that family history, inflammation, and hemoglobin A 1c among diabetics improve global risk prediction are consistent with observations made in other settings considering each factor in isolation. 30 -32 Furthermore, the lack of effect modification in our data by ethnicity suggests that these findings are clinically relevant in ethnically diverse populations.
Care must be used in the interpretation of these data because the end points used to generate the 3 scores differ from each other and from the primary end point of the WHI-OS, which could lead to lack of calibration. However, the ATP-III score overestimated risk of its intended end point, hard CHD among nondiabetics, a finding replicated in the Women's Health Study (data available on request). The WHI-OS sample is older than the Framingham sample, 6, 7 and traditional risk markers are generally less predictive in older age ranges, 33, 34 although the ATP-III score includes interac-tions of age with smoking and total cholesterol. One Framingham model has previously been validated in 6 prospective, ethnically diverse cohorts 7 and was shown to have reasonable calibration overall, but prior data specifically for the ATP-III model are sparse. Other, primarily European, investigators have also reported that various versions of Framingham models overpredict CHD incidence. 8, 9, 35, 36 Because clinicians in practice cannot recalibrate a score for an individual patient, population calibration is essential. The Framingham CVD model was also poorly calibrated for the end point of major CVD. However, it was developed for the broader end point of total CVD including several other conditions, namely angina, coronary insufficiency, transient ischemic attack, peripheral artery disease, and congestive heart failure. Because statins reduce stroke and CHD, scoring systems including stroke have recently been favored, 37 whereas the inclusion of other end points such as congestive heart failure is more controversial. In this research setting, recalibration allowed us to minimize differences in outcomes and to directly compare risk scores for a comparable end point. As shown in the recalibrated analyses, the Framingham CVD score, developed with the use of an end point closer to that used here, was not superior to the ATP-III score for CHD only, and the discrimination of both of these models was worse than that of the Reynolds score. It is possible that the lower levels of discrimination seen with the Framingham CVD model may reflect reduced effects of the traditional risk factors on these secondary end points.
More important, the number of women potentially eligible for statin therapy can vary greatly, depending on the equation and end point used. As shown in Figure 1 , the estimated distributions of predicted risks in the population vary widely across models. In a hypothetical population of 100 000 women similar to those in the WHI, the number who would be classified at Ն10% risk would be 5549 with the published ATP-III model, 10 304 with the Reynolds score, and 41 074 with the Framingham CVD model (Tables IIIA-IIIC in the online-only Data Supplement) . Even if all models are perfectly calibrated for their respective outcomes, the choice of end points needs to be addressed. Whether statins are equally effective for the various CVD end points and whether the risk-benefit equation is the same for all end points are important criteria in developing guidelines for therapy. We believe that these data may have clinical implications for CVD prevention in otherwise healthy middle-aged women. Risk prediction algorithms have been used widely to better target cardiovascular preventive therapies, particularly the use of statins. A recent meta-analysis including 13 154 women in primary prevention statin trials reported a 37% reduction in cardiovascular event rates. 38 However, the great majority of women destined to suffer a cardiovascular event have ATP-III scores Ͻ10%. These women would not qualify for treatment under current guidelines yet could benefit from statin therapy. 39 With the use of data from the WHI-OS, among women with 10-year ATP-III risks of 5% to 10%, the Reynolds score would reclassify 15% to a lower risk category (Ͻ5%) and 29% to a higher risk category (Ͼ10%), including 5% with estimated risk exceeding 20% ( Table IIIA in Limitations of our analysis merit consideration. First, the WHI-OS is composed exclusively of women, so these results cannot be generalized to men. However, prior work in the Physicians Health Study has shown that the Reynolds Risk Score for men improves fit and reclassification in that setting. 3 Second, there may be remaining differences in end-point definition. Confirmation procedures for Framingham, the Women's Health Study, and the WHI-OS may have differed somewhat even for common end points such as CHD. Third, we were not able to fully assess the calibration of the Framingham CVD model because we did not have data available on the broader definition used for that model. Fourth, estimates from this case-cohort sample may offer less precision than those based on the full WHI cohort.
Conclusions
In this large-scale comparison of risk prediction models commonly used in North America, the Reynolds Risk Score significantly improved fit compared with either the Framingham-based ATP-III CHD risk score or the newer Framingham CVD score. Within the WHI-OS, the greatest impact of the Reynolds Risk Score appeared to be among those women with 5% to 10% estimated 10-year risk according to ATP-III, a group including a large number of women destined to suffer MI or stroke and in whom trial data indicate efficacy of statin therapy in reducing cardiovascular events.
